In a two-dimensional electron system, microwave radiation may induce giant resistance oscillations. Their origin has been debated controversially and numerous mechanisms based on very different physical phenomena have been invoked. However none of them have been unambiguously experimentally identified, since they produce similar effects in transport studies. The capacitance of a two-subband system is sensitive to a redistribution of electrons over energy states, since it entails a shift of the electron charge perpendicular to the plane. In such a system microwave induced magnetocapacitance oscillations have been observed. They can only be accounted for by an electron distribution function oscillating with energy due to Landau quantization, one of the quantum mechanisms proposed for the resistance oscillations.
wide GaAs quantum well (QW) with two occupied subbands. A microwave induced redistribution of the electrons along the energy scale modifies the occupation of both subbands and is accompanied by a shift of the electrons perpendicular to the QW plane. This shift alters the capacitance which is primarily sensitive to the occupation of the highest subband whose wave function is located closer to the gate. Hence, the capacitance can capture directly microwave induced oscillations in the electron energy distribution. The sensitivity to vertical electron shifts is what distinguishes this capacitance measurement from all previous transport experiments. A second frequently invoked mechanism [29] [30] [31] [32] [33] [34] to explain MIRO involves a microwave induced impurity scattering assisted displacement of the electrons in the plane. The equations describing MIRO within this displacement model are, except for a temperature dependent prefactor, identical to the equations obtained from a picture based on a non-equilibrium energy distribution function [24, 34] . An unambiguous separation of these two possible contributions is therefore non-trivial. The capacitance measurements can not exclude that the displacement mechanism is active in MIRO as they are not sensitive to lateral displacements. However, they can without any ambiguity prove the formation of a non-trivial electron energy distribution function by the microwaves and thereby provide support for a bulk quantum origin of MIRO.
We measured two identical Hall bar samples processed side by side on the same piece of a GaAs/AlGaAs heterostructure. The electron system resides in a 60 nm wide GaAs QW.
An in-situ grown back gate allows to tune density and measure the capacitance. In these samples the second subband gets populated at total electron density n s ≈ 1. To identify the origin of MICO, it is instrumental to systematically vary V g , monitor changes in the oscillation period and compare the results for different oscillation types.
The outcome of such a study is summarized in Fig. 3a . The SdH and DOS oscillations, also observed under equilibrium conditions, help to extract the density and identify when a second subband gets populated. At V g = 0 where only one subband is occupied, the SdH and from which n s1 can be calculated. However, more generally, this expression can be used to convert any observed periodicity into a density whose meaning needs to be interpreted properly. Hereafter, the densities extracted from SdH and DOS oscillations as well as MICO will be denoted as n l with subscript l = SdH, DOS or MICO. They have been plotted in Fig.   3a together with n H deduced from the Hall resistance at low B. The latter increases with V g at a constant rate. When tracing n SdH and n DOS to positive V g in Fig. 3a , we note that their behavior is very different. For instance, n SdH remains approximately constant. Referring to the raw data recorded at V g = 1.0 V (Fig. 1b) , the envelope of the SdH oscillation pattern has become more complicated but its main period indeed remains close to that at V g = 0.
On the other hand, n DOS drops considerably when V g exceeds 0.15 V. This is also apparent in the raw data of Fig. 1 where the horizontal arrows in panels a and b mark the oscillation periods. In Fig. 3a also the sum n SdH + n DOS has been plotted. It coincides with n H for V g > 0.15 V . In regime I, all densities are equal: n SdH = n DOS = n H = n s = n s1 . We assert that all these observations can be understood straightforwardly assuming the second subband becomes occupied for V g > 0.15 V.
In a wide QW with an asymmetric potential profile, subband wave functions are located at different distances from the gate effectively mimicking a bilayer system as schematically illustrated in panel c of Fig. 3 . For such a case, a variation of V g primarily changes the density in the second subband or layer 2 closest to the gate and only slightly affects the charge in remote layer 1 (the first subband). Then, the DOS oscillations are determined by Landau quantization in the second subband and their periodicity is governed by the density in this subband, n s2 , only (for more details see Refs. [37, 38] ). Back to the SdH oscillations, one may expect two sets of oscillations, determined by carrier densities in both subbands, n s1 and n s2 . In our raw data the fastest oscillations are however easiest to discern. They are associated with Landau quantization of the lowest subband with the largest population, n s1 , which remains approximately fixed since the gate electric field is screened by the electrons in the second subband. These electrons generate weaker oscillations in the envelope of the rapid oscillations from the first subband. We note that the linear n s2 (V g ) dependence as
well as nearly constant value of n s1 shown in Fig.3(a) are similar to those reported in other studies of unbalanced bilayer electron systems (see, for example, Refs. [39, 40] for single and double quantum wells, respectively). The Hall density n H corresponds to the total density n s . This interpretation of the data is strongly supported by the experimentally established relation n H = n DOS + n SdH . Then we finally conclude that n DOS = n s2 and n SdH = n s1 . Fig. 3a also contains the density extracted from MICO, n MICO . Apparently it is identical to n SdH − n DOS , which in view of the above discussion is equivalent to the subband population difference: n MICO = n s1 − n s2 .
Clearly, the response to radiation is very different in ρ xx and the magnetocapacitance.
It follows that MICO cannot be explained in terms of a MW induced variation of the conductivity. The extracted density from MICO points to its origin, since the condition n s1 − n s2 = 2nN 0 is equivalent to ∆ ≡ ε 2 − ε 1 = n ω c where ε j (j = 1, 2) are the subband energies. At this commensurability condition, Landau levels of the two subbands are aligned.
We therefore argue that MICO reflect a MW induced charge redistribution among the two subbands whose magnitude oscillates with B. This is detected in the capacitance since, in our sample, it selectively responds to occupation of the second subband. This interpretation is further corroborated by the capacitance step observed in Fig. 3a at V g ≈ 0.15 V. This step is caused by occupation of the second subband (i.e., formation of the second layer) with a center of mass of the wave function located approximately 20 nm closer to the gate than that of the 2DES in regime I at V g 0.15 V (compare Figs 3b and 3c ). It demonstrates sensitivity of our measurements to variation of the charge distribution in the QW.
For the sake of completeness, we note that also magnetointersubband oscillations (MISO) with a period determined by the relation ∆ = n ω c may occur in the magnetoresistance due to intersubband scattering [41] [42] [43] [44] [45] . They can be strongly affected by radiation, which may introduce nodes [25, 46] . They can be explained by both non-equilibrium distribution function and displacement mechanisms [25, 47] . At 0.5 K the MISO are masked by the SdH oscillations.
To substantiate our assertion that the magnetocapacitance oscillations prove that microwaves create a non-equilibrium distribution function oscillating with energy due to Landau quantization, we have analyzed our results within a distribution function model generalized to the case of two occupied subbands [25] . The equation for the MW induced correction δf (ε) to the Fermi distribution function f F (ε) in a balanced double-quantum well structure reads as follows [25] :
The dimensionless factor P ω is proportional to the MW power absorbed by the 2DES. This equation is derived to first order with respect to the small Dingle factors d j = exp(−π/ω c τ j )
for each subband and under the assumptions that ω ≪ kT ≪ ε F − ε j . Here, τ j is the electron quantum lifetime in the j-th subband and ε F is the Fermi energy. Within this framework of approximations, the density of states in a subband is given by
The MW induced variation of the density in the first subband (ε 1 < ε 2 ) is equal to
When ε 2 −ε 1 = ∆ ≫ ω, Eq.(3) describes magnetooscillations with a periodicity determined by the commensurability between the cyclotron energy and the subband spacing: ∆ = n ω c .
The beating pattern and nodes are caused by the factor sin(2πω/ω c ). The nodes are located at ω/ω c = (n + 1)/2. This oscillation pattern described by Eq.(3) matches all the observed features of MICO. These oscillations should also persist in unbalanced system in which the center of mass of the wave functions of the two subbands are spatially separated. Then the oscillating redistribution of electrons between the subbands (i.e., the layers) δn s1 = −δn s2 , produces oscillations in the capacitance. This accounts for our experimental observations. In summary, by implementing a new experimental approach to study non-equilibrium phenomena in 2DES we have discovered microwave induced magnetooscillations of an electrical capacitance. We have shown that these oscillations reflect redistribution of electrons between two occupied subbands which oscillates with magnetic field due to non-trivial distribution of electrons among Landau levels. Our observation establishes unequivocally the importance of this non-equilibrium distribution function scenario which was developed to explain MIRO.
We acknowledge fruitful discussions with I. A. Dmitriev. Experiment and data evaluation of this work were supported by the Russian Scientific Foundation (Grant 14-12-00599). JHS and VU acknowledge support from the GIF. 
